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Introduction
. Phytoliths are thought to increase the abrasiveness of grass leaves, thereby deterring herbivory. They can also reduce the efficiency with which herbivores absorb nitrogen from their food, and thus impact on herbivore growth rates (Massey et al. 2006; Massey & Hartley 2006) . This key defence in grasses has been relatively neglected in studies of grass-feeding herbivores, but foliar silica concentrations vary dramatically between grass species and can be increased following herbivory (McNaughton & Tarrants 1983; Massey et al. 2006; Massey & Hartley 2006) . This variation, together with the large range of life history strategies shown by grasses (Grime et al. 1988) , suggest that theories of growth versus defence investment, such as RAH, may be relevant to this group of plants, but this has not been adequately tested. For silica defences the cost of defence is unclear. Unlike carbon-or nitrogenbased defences, silica is not directly associated with plant growth (Raven 2003) . However, recent work has identified an active transport mechanism of silica into the roots of grasses (Ma et al. 2006) , implying an associated cost. Feeding by small mammalian herbivores, such as voles, is usually highly selective both within and between plant species (Marquis & Batzli 1989; Hartley et al. 1995; Hjältén et al. 1996) . At times of peak population sizes, voles of the genus Microtus, which feed primarily on leaves and shoots of grasses (Ostfeld 1985; Hjältén et al. 1996) , can affect changes to plant community composition (Moen et al. 1993; Howe & Brown 1999; Clay 2001; Howe & Lane 2004) . However, there have been relatively few broad scale studies assessing what factors influence vole feeding preferences and previous work has focused on a diverse range of plant species, of which graminoids were only a minor component (Marquis & Batzli 1989; Hjältén et al. 1996) . To our knowledge, none of the studies comparing interspecific feeding preferences of voles have assessed the impacts of silica on diet choice.
Here we test the factors affecting the palatability of grasses to field voles (Microtus agrestis L.) and relate the findings to predictions of the RAH. Specifically we address three key questions: 1. Does the defence strategy of grasses follow the predictions of the resource availability 3 hypothesis? We predicted that slower-growing species, with lower foliar nitrogen concentrations, would have higher levels of antiherbivore defences than faster-growing species.
2. What plant-based factors have the greatest influence on vole feeding behaviour? As with 7 some previous studies, we predicted that growth rates and nutrient concentrations would affect feeding preference, but we also predicted that silica-related abrasiveness would influence vole feeding preference. Furthermore, we predicted that the cumulative defence score (CDS) of a species, as an indication of the allocation to all three primary defences in grasses, would influence vole feeding behaviour.
3. Does manipulation of foliar silica concentration affect vole feeding behaviour? Again, we predict that plants with higher silica concentrations will have higher levels of foliar abrasiveness making them less palatable to voles.
Material and methods

GRASS SPECIES AND GROWTH CONDITIONS
We selected 18 commonly occurring European grass species of contrasting palatability and growth rates (Table 1) . Grass seeds were germinated on vermiculite until ~2 cm in height before being transplanted into 5×5×5 cm plugs of standard compost mix (10 SHL multipurpose compost: 3 Ten plants of each species were destructively harvested and measurements taken of leaf length and width, as leaf size may offer visual cues for vole feeding. Washed plant samples were oven dried at 60 °C for 48 hours and measurements made of leaf water content, specific leaf area (SLA = leaf dry mass per unit area), growth rates (g dry mass per day), dry mass root:shoot ratio. Dried leaf samples were then ground (in a 'Pulverisette 23', Fritsch, Germany) for subsequent chemical analyses (n = 10 per species for all analyses).
Foliar silica concentration was determined by fusing dried leaf samples (approximately 0.2 g) in sodium hydroxide followed by analysis using the colorimetric silicomolybdate technique (Allen 1989) . Total phenolic concentration was assayed using the Folin-Ciocalteau method, with tannic acid standards (Massey et al. 2005) . Foliar nitrogen and carbon concentrations were analyzed using flash combustion of ground leaf samples (approximately 2.5 mg) followed by gas chromatographic The comparative leaf toughness of fresh leaves was determined by measuring their tensile strength (n = 10) using methods described by Grime et al. (1993) , a procedure which is valid because both leaf toughness and strength are both closely correlated to the cell wall fraction (Choong 1996) .
Longitudinal leaf sections of known width were gradually pulled to the point of breakage. The force required to cause breakage was measured from a spring balance, which was then corrected for the width of leaf material. Abrasiveness (R z ) of grass samples (n = 10) was determined by grinding a fixed area of fresh grass leaves (5 cm 2 ) against a Perspex plate using a modified Martindale abrasion and pilling tester (Model 404, James H. Heal, Halifax). The degree of scratching on the Perspex was quantified as average scratch depth (R z ) using a laser perthometer. The more abrasive the grass, the rougher the Perspex plate would be after abrasion and hence, the larger the value of R z (Massey et al. 2006 ).
CALCULATION OF THE CUMULATIVE DEFENCE SCORE (CDS)
As many of the grass species appeared to contain different levels of each of the defence measures, to assess a species overall defence strategy we used combined data on all three primary defences (silica concentration, phenolic concentration and toughness) to generate the CDS of each species.
This was calculated as the sum of the relative percentage ranking for each of the major defences.
We did not include abrasion in the analysis due to its strong correlation with silica concentration (see results section). For each defence, the 18 grasses were ranked, and the relative investment in each defence was calculated as a percentage of the value for the highest ranking species. The percentage defence level for the three defence types was then summed for each species and this value used as its CDS. This method produces a defence strategy rating relative to all the other species studied, but weighted for the range of values of each defence type. It makes no assumptions about the relative effectiveness of each defence, which would clearly vary with factors such as herbivore identify, but it does allow us to assess the overall defence strategy of each as a single measure and compare this to the species growth strategy and its palatability to voles.
VOLE FEEDING PREFERENCE TRIALS
Voles used in feeding trials were all non-lactating adults from a captive bred colony fed on a standard dried diet (N = 2.97%, C:N = 16.4, SiO 2 = 2.64 dry matter: rabbit maintenance diet, B&K (Cid et al. 1990 ). The silica, nitrogen, water, phenolic concentrations as well as the growth rates of grasses from high and low silica treatments were measured using methods detailed above (n =10) ( Table 2 ). To confirm that our manipulated silica levels were within the range occurring in natural communities, leaf samples of each of the five grass species were collected from 10 replicate plants in 10 sites around East Sussex in August 2005, selected to represent a range of soil types and habitats (Table 2) .
Voles were limited to water and a dried diet for 24 hours prior to the trials. We conducted intraspecific paired feeding choice tests for all grass species between low and high silica treatments the base of the shoots of the grasses. One vole was then placed in the cage and left to feed. The stopping rule for trials was when an estimated 50% of total leaf area had been consumed, which took 1-2 hours for the trials with six plants, after which the remaining leaf area of each plant was measured. The interspecific multiple-choice preference trials on either high or low silica grasses of all five species were conducted in the same manner, with three individuals of each grass species per trial. Ten replicate trials were completed for each species and silica treatment.
STATISTICAL ANALYSES
All correlation and regression analyses were carried out on species means as our hypotheses relate to between species differences. Due to the limitations on plant material, different plant quality measurements could not be performed on the same individual plants, but all plants were grown under identical conditions and analysed at the same age. To examine whether there was any connection between plant defence characteristics and both plant growth rate and nitrogen concentration, we used a series of Pearson's correlations. Pearson's correlations were also used to assess the relationship between the CDS of grass species (see above) and growth rates and nitrogen concentration of grass species.
To assess whether voles displayed significant feeding preferences between the 18 grass species, we calculated the amount of leaf area eaten for each species as a proportion of the total leaf area consumed in the trial. This accounted for the large degree of interspecific variation in plant size.
Data were arcsine square-root transformed before carrying out a one-way ANOVA with trial as replicate. Forward step-wise regression analysis was used to assess which plant based factors influenced the amount of leaf area of each species consumed by voles. Following methodology by Hartley et al. (1997) , the criterion for inclusion in the final regression model was that a factor must add 4.0 to the variance ratio. This analysis was used to assess a) which factors had the greatest influence on vole feeding preference across all factors measured; b) which of the four defensive factors (silica, and phenolic concentrations, toughness and abrasiveness) had the greatest influence on vole feeding preference; c) which factors had the greatest influence on vole feeding preference when considering defences as the CDS of each grass species and all other factors (excluding toughness, silica and phenolic concentrations individually).
Linear regression was used to assess the relationship between silica concentration and abrasiveness for a) all 18 species sampled and b) the change in silica concentration and change in abrasiveness for the five species of which silica concentration was manipulated i.e. A. capillaris, B. pinnatum, F.
ovina, L. perenne and P. annua.
For the intraspecific feeding trials with silica manipulated plants, the leaf area consumed from all three plants per silica treatment was pooled to calculate the total leaf area consumed per damage treatment per trial. Feeding preferences were then compared using paired t-tests. For the interspecific preferences on silica manipulated plants, the leaf area consumed from all three plants per species was pooled to calculate the total leaf area consumed per species per trial. Feeding preferences were then compared using mixed-model two-way ANOVA's, with species and trial as factors and trial as a random factor. We then carried out Tukey's post-hoc analysis of significant results.
Results
THE RAH AND GROWTH DEFENCE ALLOCATIONS ACROSS GRASS SPECIES
We predicted that defence allocation would be negatively correlated with species growth rate and foliar nitrogen concentration. However, we found no significant correlations between grass growth rate and the levels of any individual defence (Fig. 1) . In contrast, there were clear negative correlations between silica concentration and foliar nitrogen concentration (Fig. 1b) , and between abrasiveness and foliar nitrogen concentration (Fig. 1d) ; but not between foliar nitrogen concentration and either leaf toughness or phenolic concentration ( Fig. 1f & h) .
The grass species exhibited defence strategies that focused on different types of defence. For example, A. elatius had very tough leaves (43% of its CDS), while investing very little in silica (19%), while D. caespitosa had only moderately toughened leaves (21%) but very high silica concentration (51%) (Fig. 2) . The CDS differed dramatically between species, as did the relative investment in each defence type assessed, i.e. phenolic concentration, silica concentration and leaf toughness (Fig. 2) . When assessing the CDS across 18 species, we found strong negative correlations between this parameter and both plant growth rate ( Fig. 3a) and foliar nitrogen concentration (Fig. 3b) .
PLANT BASED FACTORS AND VOLE FEEDING PREFERENCES ACROSS ALL SPECIES
Voles displayed a high level of selectivity in feeding preference between different grass species (Fig. 4a) , with strongest preference for P. annua and L. perenne. Most of the plant characteristics did not have a significant influence on vole feeding preferences and therefore, were not included in the stepwise regression model. The most influential factor on vole feeding choice was the growth rate of the grass species, followed by the total nitrogen concentration (Table 3a) . Together these factors explained 55% of the variation in feeding choice by voles. The first defensive factor significantly influencing vole feeding choice, when all plant characteristics were included in the model, was phenolic concentration. This explained an additional 15% of the variation, despite the very low levels of phenolics in all grass species studied. However, when assessing the influence on vole feeding preference of each defensive factor in isolation, it was silica that had the greatest impact (r 2 = 35.8%, Table 3b), followed by phenolic concentration (r 2 = 21.4%, Table 3b ). There was a very strong relationship between silica and nitrogen concentration which appears to be the primary reason that silica did not have a greater influence in the first analysis (Table 3a) . When assessing vole feeding preference in relation to CDS and all other parameters measured, the most influential factor was the defence investment (r 2 = 55.1%, Fig. 4b , Table 3c ), with an additional 10% of the variation explained by both plant growth rate and specific leaf area. The silica concentrations of the 18 species significantly affected leaf abrasiveness: 70.2% of the variation in abrasiveness across species was explained by the foliar silica concentration alone (Fig.   5a ). For five of the 18 species we manipulated silica concentrations and measured the effect on abrasiveness. The change in silica concentration within species explained 78.3% of the variation in the subsequent change in abrasiveness for the same species (Fig. 5b ).
Higher concentrations of silica in the leaves of grasses deterred feeding by voles on three of the five grass species tested (Fig. 6a) , although there was large variation in the amount of leaf area consumed between species. For each of the species for which higher silica concentration deterred feeding by voles, the silica addition treatment significantly affected both the silica concentration of leaves and their abrasiveness (Table 2 ). For two of the species tested, silica did not affect vole feeding preference. P. annua was extremely palatable on both treatments with high concentration of nitrogen in leaves, low phenolic concentration and low uptake of silica which was not sufficient to significantly affect abrasiveness (Table 2) . Although in A. capillaris the silica treatment did increase both the silica content and the abrasiveness of leaves, it had low palatability in both silica treatments, with relatively high phenolic concentration and low nitrogen concentration. The silica addition treatment also affected the relative palatability of the five species. In the absence of silica, L. perenne was significantly preferred over each of the other species tested (Fig. 6b) .
However, for plants from the silica addition treatment a clear preference rank was detected, with A.
capillaris and B. pinnatum displaying extremely low palatability, followed by F. ovina, and with clear separation of preference between P. annua and L. perenne (Fig. 6c) . Preference ranks found in the absence of silica matched approximately those that would be predicted by nitrogen concentration and the relative growth rates of the grasses (Table 2 ). In contrast, in the silica addition treatment the preference rank no longer matches nitrogen concentrations, but instead reflects the interspecific variation in leaf silica concentration (Table 2) .
Discussion
THE RAH AND DEFENCE ALLOCATIONS ACROSS GRASS SPECIES
We found strong evidence in support of the RAH when assessing the CDS of grass species. Defence levels were negatively correlated with both plant growth rate and foliar nitrogen concentration.
Similar patterns of defence strategies have been demonstrated for woody plant species. For example, Coley (1988) found that the growth rates of 41 tropical tree species were negatively correlated with an estimate of overall defence investment derived from the relative effectiveness of ten defensive characteristics. However, this is the first study to demonstrate a similar result in grasses.
When we considered the investment of all 18 species in each defence individually, and compared them with plant growth rates, we found a variable picture with respect to the RAH because different grass species allocated differentially in different types of defence, thus highlighting the need for a measure of overall defence strategy in interspecific comparisons. for defence investment, growth strategies and palatability to voles, and concluded that more information is required on the overall causes of reduced palatability in plants to make adequate predictions based on growth strategies. In our study, the grass species differed markedly in their allocation to defence as well as growth rate. These two factors may affect their ability to re-grow 2006), which appear to be able to avoid them, whereas folivores such as voles are unable to do so.
Defences are also likely to differ in the cost to the plant. Although silica is an effective mechanism for deterring vole feeding, not all species provision leaves with the same concentration of silica.
Unlike many carbon-or nitrogen-based antiherbivore defences, where resources involved can be allocated either to growth or defence (Bryant et al. 1983) , silica is not directly associated with plant growth (Raven 2003) . However, recent work has shown that silica is actively transported into roots in silicon-accumulating plants (Ma et al. 2006) , implying a cost associated with uptake. We found that for the five species grown at high and low silica concentrations, the mean growth rate tended to be lower in the plants which had taken up more silica (Table 2a) . Although none of these differences were found to be significant over this short time period, they do suggest that there may be a cost to silica uptake in the longer term. Further studies are required to determine the actual cost of silica uptake for plants. 
PLANT-BASED FACTORS AND VOLE FEEDING PREFERENCES ACROSS ALL SPECIES
As with previous studies, plant growth rates and nitrogen concentrations were the most important single predictors of vole feeding preferences (Marquis & Batzli 1989; Hartley et al. 1995; Hjältén et al. 1996) , although this is the first study to demonstrate this for the primary food source; i.e.
grasses, of Microtus voles (Ostfeld 1985)
. Previous studies have assessed vole feeding preference using a diverse range of plant species and consistently found that voles select plants high in foliar nitrogen concentration, with defence levels being of secondary importance (Marquis & Batzli 1989; Hjältén et al. 1996) . This was also the case in our study. The growth rates and foliar nitrogen concentration of grasses explained 55% of the variation in vole feeding choice, while significant defences explained only 29%. However, when considering only defence characteristics, the silica concentration of grasses was the best predictor of vole feeding preference, explaining almost as much variation as growth rate (r 2 = 36% vs. r 2 = 40% respectively). This finding supports other recent evidence that silica is the primary defence against folivores in many grasses (Gali-Muhtsaib et al. 1992; Massey et al. 2006; Massey & Hartley 2006) , and thus is important for our understanding the relative palatability of grasses to herbivores.
In addition to considering single defence factors, we also analysed the effect of all defences together as the CDS on vole feeding preferences. In this case, the CDS was a stronger predictor of vole feeding preference than nitrogen concentration or growth rate. This suggests that it is a combination of defences that affect vole feeding, rather than a single type of defence. This may be particularly important to generalist feeding herbivores, such as voles, that can feed on a wide range of species and encounter a broad spectrum of defences.
EFFECTS OF SILICA CONCENTRATION AND ABRASIVENESS MANIPULATION ON VOLE FEEDING PREFERENCE
We have demonstrated that, both within species and across a range of species, higher silica concentration increases the abrasiveness of leaf tissues. By manipulating the concentration of silica in five grass species we found that the increase in abrasiveness was correlated with the increase in foliar silica concentration. As there were no changes in nitrogen concentration, phenolic concentration or growth rates associated with the silica manipulation, we have shown that the increase in abrasiveness due to silica is the probable mechanism for feeding deterrence. For three of the five species tested, an increase in silica concentration deterred feeding by voles. In addition, we have shown that silica has the potential to alter the feeding preference ranks between species, due to interspecific variation in silica uptake. The foliar silica concentrations obtained in this study were within the ranges of natural variation observed in field samples (Table 2) . Therefore, silica may also be an important determinant of the relative feeding preference ranks between environments due to spatial variation in silica concentrations caused by different biotic and environmental variables, et al. 1985) . Specifically, grasses with faster growth rates had lower levels of defences and were more palatable to voles than slower-growing grass species. In addition, our study has highlighted the role of silica-based defences in determining the palatability of grasses to generalist grass-feeding herbivores, such as voles. Table 2 : a) Growth rate, leaf characteristics and chemical composition of five grass species under high and low silica treatments ( † ns = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001). b) The foliar silica concentration of study species from field sites (minimum-maximum values in plants collected from 10 different natural plant communities). Table 1 for species codes. 
